Introduction
As a non-flammable and non-toxic natural fluid, CO 2 has a zero ODP ͑ozone depleting potential͒ and a zero effective GWP ͑global warming potential͒. Thus, it will become a primary candidate for the next-generation environmental by benign refrigerant in automobile air-conditioning, railway air-conditioning, residential airconditioning and heat pumps ͓1͔. Since in some applications such as automobile air-conditioning and heat pump systems, the heat rejection temperatures are usually above the critical temperature of carbon dioxide ͑31.1°C͒, cycles using carbon dioxide as the refrigerant will have to operate in a transcritical cycle. As such, the heat rejection takes place above the critical pressure ͑about 74ϳ120 bar͒ in a so-called gas cooler ͑corresponding to the condenser in the conventional subcritical systems͒, while the heat absorption remains below the subcritical region. The high working pressure and favorable heat transfer properties of CO 2 enable reduced tube diameters. A gas cooler made of extruded flat microchannel tubes of 0.79 mm in diameter has been reported ͓2͔. The use of microchannels in the gas cooler will allow one to effectively handle high pressures without excessive wall thickness and material weight. In order to design a high efficiency gas cooler, a thorough understanding of convective heat transfer for supercritical carbon dioxide in cooled tubes is needed.
One of the most important characteristics of supercritical fluids near the critical point is that their physical properties exhibit extremely rapid variations with the change of temperature, especially near the pseudocritical point ͑the temperature at which the specific heat reaches a peak for a given pressure͒. This can be clearly seen from Fig. 1 , where the specific heat c p and density of CO 2 at supercritical pressures of 80 and 100 bar (p cr ϭ73.8 bar) are plotted based on the data from the NIST Refrigerants Database REFPROP ͓3͔. The pseudocritical temperature T pc of CO 2 as function of pressure can be best fitted by the following algebraic equation:
where the pseudocritical temperature T pc is in°C and the pressure p is in bar. It follows that T pc ϭ34.6°C at pϭ80 bar and T pc ϭ45.0°C at pϭ100 bar. Forced convection of supercritical fluids such as water, carbon dioxide, nitrogen, hydrogen, and helium in channels have been extensively studied both experimentally ͓4 -6͔ and numerically ͓7-9͔. Many correlations, most of the Dittus-Boelter type Nu ϭC Re m Pr n , have been proposed for supercritical fluids with heating. The reference temperature method and the property ratio method have been employed to incorporate the variable-property effect ͓10͔. Comprehensive reviews on previous work associated with variable property heat transfer and supercritical heat transfer are given by Kakac ͓10͔, Hall ͓11͔, and Polyakov ͓12͔. It is generally agreed that the correlations do not show sufficient agreement with experiments to justify their use except in very limited conditions. The limitations imposed on a specific correlation should be carefully studied before its use in practical applications.
A literature survey indicates that only a few papers ͓4,5,8,13͔ have reported on the study of heat transfer of supercritical CO 2 under cooling conditions. In particular, experimental data on convective heat transfer of supercritical CO 2 in channels with a hydraulic diameter less than 2.0 mm are rather rare. Therefore, the purpose of this work was to study heat transfer from supercritical carbon dioxide flowing in mini/micro circular tubes in the temperature ranges relevant to the CO 2 gas coolers in the transcritical refrigeration systems. Six circular tubes having inside-diameters of 0.50 mm, 0.70 mm, 1.10 mm, 1.40 mm, 1.55 mm, and 2.16 mm were tested. Measurements were carried out at carbon dioxide pressures ranging from 74 to 120 bar and the temperature ranging from 20 to 110°C. In the following, we shall first describe our experimental apparatus and procedures. We shall then report the experimental results to show the effect of some important parameters including tube diameter, pressure, and mass flow rate and, the temperature difference between the bulk fluid and the wall on the heat transfer performance. Finally, the salient findings of the study will be summarized.
Experimental Apparatus and Procedures
The test loop constructed for the present investigation is schematically shown in Fig. 2 . It consisted of a compressed CO 2 cylinder, a high-pressure CO 2 pump, a filter, a flow meter, a preheater, a test section, an after-cooler, and a couple of highpressure fittings and valves. CO 2 with a purity of 99.5 percent was fed to the test loop from the compressed CO 2 cylinder and was circulated by the CO 2 pump ͑Model P-200, Thar Designs͒, which had an input pressure of 57 bar, a discharge pressure up to 680 bar, and a maximum mass flow rate of 0.2 kg/min. The pump is capable of control based on feedback from a pressure sensor or a flow meter. The mass flow rate was measured using a Coriolistype Micro Motion mass flow meter ͑Model CFM-010M, with IFT9701 transmitter͒. The nominal range of the flow meter is 0-1.37 kg/min ͑0-22.8 g/s͒, with an accuracy of less than Ϯ0.2 percent of reading. A pressure gage transducer ͑Model 3051CG5, Rosemount͒ was used to measure the static pressure at the inlet of the test section, while a differential pressure transducer ͑Model 3051CD3, Rosemount͒ was installed at both ends of the test section to measure the pressure drops. The pressure gage transducer and the differential pressure transducer were calibrated by using a pressure calibrator and the accuracy of the transducers was found to be Ϯ0.2 percent of reading. The on-board microprocessor monitored the flow meter, calculated the flow rate and sent the feedback to the pump. In addition, a portable chiller was used to provide cooling for the CO 2 pump, the condenser and the test section.
Six circular tubes ͑stainless steel AISI 304͒ having insidediameters/outside-diameters of 0.50 mm/0.80 mm, 0.70 mm/1.10 mm, 1.10 mm/1.47 mm, 1.40 mm/3.18 mm, 1.55 mm/2.05 mm, and 2.16 mm/3.18 mm were tested. Figure 3 shows the details of the test section. A horizontal circular tube to be tested was cooled by forced convection of cooling water. An insulated length of 110.0 mm preceded the cooled length of 110.0 mm, which was followed by an insulated exit length of 40.0 mm. The outer surface temperatures of the test tube were measured by six uniformly-spaced T-type thermocouples, while the temperatures of CO 2 at both the inlet (T in ) and the outlet (T out ) of the test tube were measured by two armored T-type thermocouples. All the thermocouples were calibrated in a constant temperature bath and the measurement error was found to be within Ϯ0.2°C. The temperature of CO 2 at the inlet of the test tube was regulated by the pre-heater.
For all the experiments, the measured temperature difference between the outer surface of the insulated lengths at the both ends of the test section and the ambient indicated that the heat gain/loss from/to the ambient was negligibly small. Hence, the heat transfer rate Q from CO 2 to the tube wall can be obtained from the energy balance under a steady state: Transactions of the ASME where ṁ is the mass flow rate, while i in and i out denote the enthalpy of CO 2 at the inlet and the exit of the test section, respectively. An outer wall mean temperature averaged over the entire cooled length can be obtained based on the readings of the six thermocouples under each test condition. In order to minimize errors in calculating mean wall temperatures, we attempted to keep the outer wall temperatures along the cooled length as uniform as possible. This was realized by adjusting separately the flow rates of the cooling water flowing through the two partitions of the test section ͑Fig. 3͒. The wall temperatures along the cooled length measured by the six thermocouples for three typical test conditions are listed in Table 1 , which shows that the maximum temperature difference along the wall is within 2°C.
Based on the outer wall mean temperatures, the corresponding inner wall mean temperature of the test section T w can then be calculated based on the wall thickness of the test tube, the outer wall mean temperature and the cooling power given by Eq. ͑2͒. Subsequently, a logarithmic mean temperature difference ͑LMTD͒ can be obtained for the test tube ͓14͔ as
It should be mentioned that the derivation of the logarithmic mean temperature difference requires that the specific heat c p be constant over the test tube. As shown in Fig. 1 , although the specific heat c p of supercritical CO 2 undergoes a rapid change with temperature near the pseudocritical point, the curve representing the variation of the specific heat with temperature becomes relatively flat at the temperature away from the pseudocritical point. In these experiments, for a given heat removal from the test section the temperature change of CO 2 near the pseudocritical point was rather small ͑less than 2°C͒ because the specific heat over this range is very high ͑see Fig. 1͒ . Furthermore, in these experiments any large temperature change ͑above 10°C͒ of CO 2 took place far away from the pseudocritical point and the specific heat is nearly constant over this temperature range. Therefore, the use of the LMTD in this work is justified. The average heat transfer coefficient h over the entire cooled length is determined from
where A represents the inner surface of the test tube. The Nusselt number is defined as
where d is the tube diameter, k is the thermal conductivity of the CO 2 , and the subscripts w or b represent the case in which the properties are evaluated at the inner wall mean temperature T w or at the bulk CO 2 mean temperature T b defined as
with T in and T out being the CO 2 temperatures at the inlet and the exit of the test section. The friction factor is defined as
where l is the length of the test section; b and u b are the density and the bulk velocity of CO 2 , evaluated at the bulk mean temperature T b ; ⌬p f is the pressure drop across the test section due to the viscous friction and can be obtained from
where ⌬p is the total pressure drop across the test section measured by the differential pressure transducer; the subscripts in and out denote the quantities of CO 2 at the inlet and the outlet of the test section, respectively. All the experimental data reported in this paper were processed based on the data for physical property of CO 2 provided by the NIST Refrigerants Database REFPROP ͓3͔.
Results and Discussion
Measurements were carried out at pressures of carbon dioxide ranging from 74 to 120 bar, temperatures ranging from 20 to 110°C, mass flow rates ranging from 0.02 to 0.2 kg/min, temperature differences (T b ϪT w ) between the bulk CO 2 and the wall ranging from 2 to 30°C, and heat fluxes ranging from 10 4 to 2 ϫ10 5 W/m 2 . The corresponding Reynolds numbers Re b and Prandtl numbers Pr b ranged from 10 4 to 2ϫ10 5 and from 0.9 to 10, respectively. The inlet temperature of the cooling water was set to be 5°C, while the flow rates of the cooling water was varied from 0.1 to 0.5 kg/min. As such, the outlet temperature of the cooling water usually varied from 6 to 8°C. Figure 4 shows the variation of the heat transfer coefficient h with the bulk mean temperature of CO 2 for the tube of d ϭ0.70 mm at the mass flow rate of ṁ ϭ0.030 kg/min with static pressures of pϭ80 and 100 bar. Note the horizontal bar at each data point in the figure representing the CO 2 temperature range over the test section. It is seen that at each pressure the heat transfer coefficient increased rapidly with the bulk temperature of the fluid, reached a peak value, and decreased gradually afterwards. Such a variation of the heat transfer coefficient suggests that the bulk mean temperature of the fluid has a substantial effect on the heat transfer performance near the critical point. Figure 4 Table 1 Measured wall temperatures along the test section also indicates that the peak value of the heat transfer coefficient decreased as the static pressure was increased from 80 bar to 100 bar. This is because the peak value of the specific heat c p decreases with the decrease of pressure, as indicated in Fig. 1 . It is also interesting to note from Fig. 4 that the heat transfer coefficient peak for each pressure occurred at a point near the corresponding pseudocritical temperature ͑T pc ϭ34.6°C at pϭ80 bar and T pc ϭ45.0°C at pϭ100 bar, as indicated in Fig. 1͒ . Figure 5 presents the effect of the mass flow rate on the heat transfer coefficient for dϭ2.16 mm and pϭ100 bar. As expected, the heat transfer coefficient increased as the mass flow rate was increased from ṁ ϭ0.03 kg/min to ṁ ϭ0.05 kg/min.
In order to investigate the effect of tube diameter on the heat transfer rate, we measured the variation of the Nusselt numbers Nu b with the bulk mean temperature at pϭ80 bar for various tube diameters ͑dϭ0.50, 0.70, 1.10, 1.40, 1.55, and 2.16 mm͒. To have a meaningful comparison, both the Reynolds number Re b and the Prandtl number Pr b had to be kept constant for a given bulk mean temperature of the fluid. To this end, the experiments were conducted at a fixed ratio of the mass flow rate to the tube diameter at ṁ /dϭ1.19 kg/m-s. The variations of both the Reynolds number Re b and the Prandtl number Pr b with the dimensionless bulk mean temperature T b /T pc of the fluid under this condition are shown in Fig. 6 , where T pc represents the pseudocritical temperature of CO 2 . Note that the unit of the temperature is K in calculating the ratio T b /T pc . The temperature difference between the bulk fluid and the wall was kept approximately the same by adjusting the flow rate of the cooling water for different tube diameters at the corresponding experimental conditions. The measured Nusselt numbers Nu b under the above-described conditions are presented in Fig. 7 , where the vertical error bars represent the uncertainties of the experimental data. For comparison, the Dittus-Boelter correlation for cooling constant property fluids
is also plotted in Fig. 7 . It is clear from Fig. 7 that unlike heat transfer for constant-property fluids as represented by Eq. ͑10͒, for supercritical CO 2 the Nusselt numbers in the range of the Transactions of the ASME measured temperatures (0.95ϽT b /T pc Ͻ1.15) were dependent very much upon the tube diameters, and they dropped substantially as the tube diameter was reduced from 2.16 mm to 0.50 mm. This fact suggests that for a given value of ṁ /d the Nusselt numbers decrease as the tube size becomes smaller. Another observation that can be made from Fig. 7 is that the curve representing the variation of the Nusselt number with the dimensionless bulk mean temperatures became more flat as the tube diameter was reduced from 2.16 mm to 0.50 mm, implying that the effect of the fluid temperature ͑or the effect of its variable thermophysical properties͒ on the heat transfer rate is important for large-diameter tubes, but it becomes less significant as the tube size was reduced. It can also be seen from Fig. 7 that for the tubes having a diameter larger than 1.10 mm, the measured Nusselt numbers were higher than the values predicted by the Dittus-Boelter correlation given by Eq. ͑10͒. However, for the tubes having a diameter less than 1.10 mm, the measured Nusselt numbers became much lower than the values predicted by Eq. ͑10͒. One major reason for the abovedescribed heat transfer behavior as a result of the change in tube sizes might be the buoyancy effect, even though the CO 2 was in forced motion in the horizontal tubes at very high Reynolds numbers ͑Re b up to 10 5 ͒. It is known that under certain conditions the buoyancy effect might still be significant even if a fluid is in forced motion through a horizontal channel. In such a case, the heat transfer performance depends not only on the Reynolds number Re b , representing the strength of the primary flow due to the forced motion of the fluid, but also on the Grashof number Gr, representing the strength of the secondary flow induced by the buoyancy force. The Grashof number Gr is defined as
with b and w denoting the density of CO 2 evaluated at the bulk mean temperature T b and the wall mean temperature T w , respectively; b and b represent the kinematic viscosity and dynamic viscosity of CO 2 evaluated at the bulk mean temperature T b , respectively; and g is the acceleration of gravity. It has been shown theoretically that for horizontal channels, when
the buoyancy effect becomes negligible ͓6,10͔. To access the accuracy of the criterion given by Eq. ͑12͒, Gr/Re b 2 covered in this work for the tubes of dϭ0.70, 1.40, and 2.16 mm is compared with Eq. ͑12͒ in Fig. 8 . It is interesting to note that the measuring points in terms of Gr/Re b 2 for the tube of dϭ2.16 mm were higher than 10 Ϫ3 , meaning that the buoyancy effect is important. However, the measuring points in terms of for the Gr/Re b 2 for the tube of dϭ0.70 mm were lower than 10 Ϫ3 , indicating that the buoyancy effect was less significant for this small tube. It is also seen from Fig. 8 that the measuring points for the tube of d ϭ1.40 mm were mostly close to 10 Ϫ3 . Considering that the buoyancy parameter Gr/Re b 2 is proportional to the tube diameter d, it can be concluded that the impairment of heat transfer as a result of reduction in tube sizes was caused, partly at least, by the fact that the buoyancy effect became less important for small tubes.
The variation of the friction factor f with the Reynolds Number Re b for dϭ0.50, 0.70, 1.40, and 2.16 mm at ṁ /dϭ1.19 kg/m-s and pϭ80 bar is shown in Fig. 9 . The friction factor is seen to drop as the tube size was reduced.
The influence of the difference T b ϪT w between the bulk mean and wall mean temperature on the heat transfer rates is presented in Fig. 10 for dϭ1 .10 mm and pϭ80 bar at ṁ ϭ0.1 kg/min. The experimental results show that the Nusselt numbers changed significantly as the temperature difference T b ϪT w changed even if other conditions were kept the same, implying that the temperature difference T b ϪT w has an important influence on the heat transfer rates for supercritical fluids. This is because different bulk mean and wall mean temperature difference T b ϪT w will give different velocity and temperature profiles. In developing heat transfer correlations, the influence of the fluid bulk mean and wall mean temperature difference T b ϪT w is usually taken into account by using appropriate property parameter groups such as b / w , c p /c pw , etc. The mean specific heat c p is defined as:
where i b and i w denote the enthalpy of CO 2 evaluated at the bulk mean temperature T b and the wall mean temperature T w , respectively. In developing heat transfer correlations for cooling supercritical fluids, it has been shown that a more accurate correlation can be obtained when the fluid properties are evaluated based on the wall temperature T w rather than the bulk mean temperature T b ͓4 -5,8͔. Petrov and Popov ͓8͔ proposed the following correlation for the local Nusselt number for cooling supercritical fluids: with q w and w representing the heat flux and the mass flux, respectively. In Eq. ͑14͒, Nu 0w is the Nusselt number for constant physical properties and is given by the Petukhov-Kirilov correlation ͓15͔:
where the friction coefficient is obtained from ϭ͓0.79 ln͑Re w ͒Ϫ1.64͔ Ϫ2 .
Equation ͑14͒ is compared with the present experimental data for two different cases ͑Case 1: dϭ2.16 mm, ṁ ϭ0.15 kg/min, and pϭ80 bar; Case 2: dϭ0.70 mm, ṁ ϭ0.05 kg/min, and p ϭ80 bar͒ in Figs. 11 and 12. It is seen from the both figures that Eq. ͑14͒ deviates significantly from the present experimental data. For the smaller tube dϭ0.70 mm, the values predicted by the Petrov-Popov correlation, Eq. ͑14͒, are much higher than the experimental data, in particular in the region near the pseudocritical temperature. The Petov-Popov correlation was developed based on data for large-diameter tubes in which the buoyancy effect should be significant. However, the buoyancy effect was not explicitly included in the original Petov-Popov correlation. Therefore, the correlation fails when free convection becomes weak or absent ͑as in small-diameter tubes͒.
The above-presented experimental results suggest that the buoyancy effect, the temperature difference between the bulk fluid and the wall must be taken into account in developing heat transfer correlations for heat transfer from supercritical CO 2 flowing through horizontal tubes. Based on a least square fit of seventytwo experimental data for the circular tubes of dϭ0.50 mm, 0.70 mm, 1.10 mm, 1.40 mm, 1.55 mm, and 2.16 mm, the following correlation was obtained for forced convection of supercritical CO 2 in mini/micro tubes cooled at a constant temperature: 
where Nu dbw is the Nusselt number for constant physical properties ͑evaluated at the wall mean temperature T w ͒ and is determined from the Dittus-Boelter correlation:
Nu dbw ϭ0.023 Re w 0.8 Pr w 0.3 .
Substituting Eq. ͑18͒ into Eq. ͑17͒ yields 
Equation ͑19͒ is compared with the experimental data in Fig.  13 . The maximum relative error between Eq. ͑19͒ and the experimental data is about 18.9 percent, while the mean relative error between Eq. ͑19͒ and the experimental data is about 9.8 percent. Equation ͑19͒ is applicable in the range 74 barрpр120 bar, 20°CрT b р110°C, 2°CрT b ϪT w р30°C, 0.02 kg/minрṁ р0.2 kg/min, 10 Ϫ5 рGr/Re b 2 р10 Ϫ2 for the horizontal long tubes of 0.50 mmрdр2.16 mm. 
